Abstract
Introduction
These last years, a technological gap has been filled in molecular biology with the development of high sequencing technologies. While it took years to sequence the genome of a single organism (e.g. fourteen for the human genome), it can now be done within a few days (and soon a few hours). It opens a new area in terms of biological investigation since the so called omics technologies can generate a large amount of high throughput data for the newly sequenced organisms. This richness and complexity is leading to the creation of many bioinformatics methods. These approaches have to be combined into efficient methodological pipelines in order to go from raw data to meaningful biological interpretations. Setting up one of these pipelines is a challenge as the output of each step can be critical for the next ones. Visualisation is therefore required to efficiently monitor the assembling of such complex analysis pipelines. In this article we will focus on the analysis of biological networks and in particular metabolic networks.
The metabolism is the set of biochemical reactions that occur in a living system. Each reaction transforms some metabolites (small molecules like glucose) called substrates into other metabolites called products. For a long time, the information about metabolism was partial and fragmented into well known metabolic functions (e.g. glycolysis or Krebs cycle) called metabolic pathways or metabolic maps. The metabolism of an organism is therefore generally modelled as a collection of disconnected graphs. However the data that are currently generated cover many of these pathways and thus requires the simultaneous analysis of all of them (generally more than a hundred). The best way to perform such a global study is to integrate all the metabolic pathways of a given organism into a single network called metabolic network. According to Gehlenborg et al. [21] , the representation of the complete metabolic network and the data associated to the reactions, metabolites or enzymes is of one the greatest challenge today in bioinformatics. It would in particular help in understanding biological shifts induced on an organism by environmental stresses.
In this article we present Systrip, a visual environment for the analysis of time-series data in the context of bi-ological networks. While Systrip provides a large range of visual data mapping methods to handle metabolic networks and related high throughput data, it completes them with a large range of computational methods. The originality of Systrip is to combine of these classical bioinformatics methods (e.g. scope detection [23] , chokepoint detection [41] ) with well-known theoretical -still unexploited in biology-graph ones (e.g strahler [1] , strength [3] ). Systrip also supports exploration awareness as it enables the biologists to manually create views on the data at each important filtration step of their analysis process.
The remainder of this paper is structured as follows. Section 2 reviews related work on the analysis of timeseries data in the context of metabolic networks. In section 3, we present how Systrip supports the biologists' visual analytics process. Section 4 refers to the detailled description of Systrip software and its main features. We then present in section 5 case studies on Trypanosoma brucei metabolism. Finally, we draw a conclusion and give directions for future work in section 6.
Related work
Metabolic pathways and networks: Before the outburst of high throughput data, metabolic investigations were performed at the metabolic pathway scale. For instance, many studies focus on central carbon metabolism in order to decipher the different kind of energy intakes. This part of the metabolism only gathers few pathways resulting in graphs of relatively small size (dozens of nodes and edges). Visualisation efforts were thus put on the drawing of these subnetworks [7, 11, 40, 20, 17, 27, 29] . These approaches usually combine a cycle detection [7, 40, 20] step and a layered [11, 20] or a force-directed [7, 40] drawing algorithm. Recently, Meyer et al. [29] proposed a new visualization method called linearized metabolic pathway views that represents pathways as segments corresponding to sequences of elements computed during a linearization process.
Even if these methods can successfully represent several metabolic pathways (up to five according to [7] ), they cannot be used to draw the entire metabolic network. To represent the entire network, tools such as SBML Viewer 1 or Cytoscape [35] use classical drawing algorithms (e.g. force-directed ones). However, these layouts do not respect the biological drawing conventions (see [30] ) and do not therefore fulfill biologists' and bioinformaticians' expectations [34] . Very few tools try to respect these drawing conventions [25, 32, 8, 33, 28] . While in [25, 32, 33] nodes shared by several pathways are duplicated and each pathway is laid out independently, Bourqui et al. [8] introduced a method avoiding node duplication in order to preserve a realistic network topology. Recently, Lambert et al. [28] proposed a trade-off between the approach of Bourqui et al. [8] and the approach of Rohrschneider et al. [33] that enables the user to define whether or not node duplication should be performed.
The choice of the drawing algorithm has to be adapted to the purpose of the visualization. To allow the user to explore different options, Systrip provides many classical layout algorithms (e.g. layered, force-directed, circular) but also metabolism oriented drawing algorithms like the one proposed in [8] . In addition to the node-link diagram visualization of metabolic networks, Systrip also integrates parallel coordinates, spreadsheet, scatterplot and histogram views (see section 4.2).
Contextual visualization:
Global biological studies are generally designed to investigate the adaptation of the organism metabolism to an environmental stress (e.g. drug treatment). Samples are collected all along the adaptation process. The output data will be, for each biological entity (e.g. metabolite), a vector of numerical values corresponding to measures made at different time points. These kinds of data are called time series data. However, most general biological network visualization software only superimposes biological measurements on nodes for one time point.
Among them, Cytoscape [35] , Pathway Tools [32] , BiologicalNetworks [4] and Cerebral [6] support the visualization of a single time point from a time-series experiment. This is achieved by coloring nodes according to experimental data value for a particular measurement. In a more dynamic way, Pathway Tools [32] and Cerebral [6] allow to visualize the whole time-series by respectively using smooth animation between time points and using linked views, called small multiples, for each time point. Other tools, such as VANTED [26] and VisANT [24] , support the visualization of the whole experimental data visualization by embedding an expression profile plot, a bar chart or line chart inside the nodes. In GENeVis [9] , the authors combined gene expression levels and their statistical significances into a single glyph.
In Systrip we decided to integrate visualization of metabolite measurement data (called metabolomics data) as both size-or color-coding for a particular time point and heatmap or curvemap [29] for whole time-series. This allows to take advantage of both techniques: high (resp. low) values are emphasized by large (resp. small) node sizes while heatmap (or curvemap) shows evolution of these values inside each node. 
Mining biological data
Information Visualization exploits human visual capabilities -according to Ware [39] , 40% of our cortical activities are dedicated to processing visual signals-to support visual exploration and analysis. It has now been established as a fruitful strategy to tackle the problem posed by the abundance of information [36] . It is particularly suitable in biology to visually identify original patterns in the data like subnetworks where molecule concentrations are affected when the system is perturbed. The Visual Analytics initiative promotes the use of Information Visualization to support analytical reasoning through a sense-making loop (see figure 1 ). That sense-making loop allows, through the visualization, the human perception and knowledge and the exploration to define new specifications (or requirements) in order to incrementally build but also to validate hypotheses, and therefore leads to information discovery.
The visual analytic process designed in Systrip follows that sense-making loop as it combines -semi-automated data processing together with human analytical and perceptual capabilities. Primary aim of Systrip is to support visual analysis of time-series data in the context of the complete metabolic network of an organism. To achieve that goal, Systrip provides 5 classes of functionalities (that we call bricks): input, drawing, graph measure, filtration and views (see figure 2 ). These elementary bricks can also be classified into network related (e.g. betweenness centrality [10] or excentricity [12] ), bioinformatics related (e.g. scope selection [23] or chokepoint selection [41] ) and multi-dimensional data related (e.g. parallel coordinates or scatterplot). By combining several simple but also complex bricks in a meaningful pipeline, the user can define his own specifications and therefore build an image that answers the original biological question.
Most biologists' and bioinformaticians' analysis process follows the so-called Schneiderman's Visual Information-Seeking Mantra: "Overview first, zoom and filter, then details-on-demand". Once the metabolic network and related series of values have been loaded, the main challenge is to find the chemical and biological links between them. However, the number of monitored nodes is often much smaller than the total number of nodes. In that case, the number of interesting biological scenarios connecting them quickly becomes huge. To overcome that issue, biologists and bioinformaticians filter out irrelevant nodes and edges. The aim is to iteratively reduce the size of the network to reach an interpretable subnetwork (for example, see figure 3 ). At each important filtration step, the user can create a subnetwork of interest that will be considered as a breakpoint in his exploration. That feature is important since the analysis process does not necessarily follow a linear flow and the user may have to restart his exploration from a previous step of the analysis. Moreover it may help to remind the user of the main steps of an analysis that was started during a previous session. When designing Systrip, we defined an intuitive data and view management. Unlike tools like Cytoscape, Systrip disconnects the original data from the focussed subnetworks and related views. As the subnetworks are fully disconnected from the original network, the user can easily but also safely modify them (e.g. adding/removing elements, computing graph measures or applying metabolic-dedicated algorithms) without altering the original data. That feature is particularly suited to the top-down analysis process used in biology and bioinformatics. It also enables to perform simultaneously several analytics pipelines on the same data by applying different combinations of elementary bricks.
Software System

System Architecture
Systrip is developed in C++ and is based on Tulip [2] . Tulip is an information visualization framework dedicated to the analysis and visualization of relational data. It aims at providing to the developer a complete library supporting the design of interactive information visualization applications. Tulip is made of three independent sub-libraries Tulip, Tulip-OGL and Tulip-Qt that are respectively in charge of graph management, OpenGL rendering and user interaction. The current framework also enables the development of plug-ins to enrich the set of available algorithms, visual encodings, interaction tools and also domain-specic visualizations. The plug-ins management system can connect to a distant server to check for newer versions of installed plug-ins or to download new ones. Following Munzner's nested model [31] , Tulip also supports the implementation of user interface overlays, called perspectives. algorithm [22] . During the next step, metabolomic data is loaded and a size mapping is computed. To focus his analysis, most relevant element are selected and the graph induced by the shortest paths between these elements is extracted. The user then builds a node-link view on that network and tries both FM 3 and MetaViz layout algorithms.
Such an overlay integrates dedicated features in order to fulfil end-user's expectations. Since Systrip is a perspective of the Tulip framework, it takes full advantage. Relying on a graph structure makes Systrip flexible as it allows to support both relational and multi-dimensional data. It also eases the future integration of other biological networks such as gene regulatory or protein-protein interaction networks.
The Model-View-Controller architecture of Tulip allows Systrip to support multiple and synchronized views. Any interaction on a view (e.g. selection of an element) implies the automatic update of all views displaying this data. Finally, in addition to the algorithms and views developed specifically for Systrip (see section 4.2), its users can access to all Tulip plug-ins (included in Tulip released or via Tulip plug-ins server).
Main Features
In this section, we present Systrip's user interface, its main widgets and views to support both metabolic networks and time-series data visualization and exploration. Figure 4 shows a screenshot of Systrip. In this figure, one can see on the left side a panel containing (top-left corner) the elements of the metabolic network (and its decomposition into metabolic pathways) and (bottom-left corner) all subnetworks created by the user (also containing the related list of elements and pathways). The middle part of the tool contains the different views created by the user on the metabolic network, the time-series data but also database queries results. Since all the data are related to elements of the metabolic network, these views (except the information views) can be synchronized. We support a linking and brushing technique that allows to highlight selected elements in all views.
Visualizing metabolic network:
In figure 5 , one can see two node-link diagram views on the Trypanosoma brucei metabolic network. In this representation, a node is either a metabolite or a reaction, and, a metabolite and a reaction are linked if and only if the metabolite is consumed or produced by the reaction. Some of these reactions are reversible (they can occur in both direction), we use double arrows to render this information. As a reac- tion may consume and/or produce several metabolites, we also use different colors to encode incoming (green edges) and outgoing (red edges) sides of the reaction. Systrip also takes advantage of Tulip plug-ins system and offers many graph related algorithms. Among them, Systrip supports various drawing algorithms (hierarchical [2] , 2D/3D force-directed [19, 22] and MetaViz [8] layout algorithms), bioinformatics algorithms (scope selection [23] , chokepoints selection [41] ) but also graph theoretical measures (betweenness centrality [10] , eccentricity [12] , strahler [1] , strength [3] ).
Visualizing time-series data: Systrip supports different visualization methods to mine time-series -or any stamped-data (figure 6 illustrates these visualization methods). When focussing on individual time points, the user may use the spreadsheet to visualize the values associated to the monitored elements (e.g. concentration or expression levels). Histograms can also be used to emphasize, for each time point, the distribution of the their values (double clicking allows to focus on a single histogram). If the user is interested in comparing values over several time points, Sytrip offers a scatterplot matrix view (again, double clicking allows to focus on a single scatterplot) or parallel coordinates one. While scatterplot supports pairwise comparison and therefore evaluation of correlations between two dimensions (or time points), parallel coordinates allows to compare simultaneously elements over an arbitrary num- [22] ; (Right) View on a subnetwork of interest drawn using the metabolic network dedicated algorithm [8] . Size mapping and heatmap glyph are used to emphasize time-series data.
ber of dimensions. The former representation can also help the user to identify clusters of elements having similar behaviour during the entire experiment.
Contextual visualization:
The user can also visualize time-series data in the context of the metabolic network. In that case, one can again distinguish two tasks in the analysis (i) the comparison of values of the elements at a single time point (ii) their evolutions over the entire experiment. To solve the first task, Systrip supports two visual encodings that emphasize the values of the element at a given time point. Both node colors and node sizes can be used to encode the node values for that particular time point. In fig-ure 5, a size mapping has been performed to highlight elements with high values, while in figure 8, node colors were also computed according to the time-point 3. Concerning the second task, the first solution supported by Systrip is to visualize the whole time-series of each element by rendering a heatmap or curvemap [29] glyph inside it. Another option is to navigate through the time points and to follow the evolution of the node sizes and/or colors. Systrip can "play the movie" of the time-series by automatically animating transition between time points. To preserve the user mental map, a smooth animation is performed during each transition between a time point to the next one by interpolating the node sizes and/or colors. 
Visualizing database queries:
The elements of the metabolic network are related to a large range of databases. It is important for a visual framework in biology to give access to this shared knowledge. In Systrip, the user can query both KEGG [27] and PublicHouse 2 databases. These databases contain detailed information about metabolites and reactions such as their name, molecular weight, chemical formula, or 2D molecular geometry. To visualize database results and also to allow navigation through the databases, Systrip offers an information view embedding a web browser. For instance, figure 4 shows the result of a KEGG query on NADP+ oxidoreductase. Another feature is the 3D molecular geometry visualization obtained from the 2D geomtry and the OpenBabel library 3 ( figure 4 shows the 3D geometry of pyruvate). 
Simple vs Advanced user interface
Systrip integrates many features that can be complex to correctly set for a non-expert in graph visualization and analysis. For instance, Tulip's plug-ins installed on the computer are all available in Systrip, and, parameters related to drawing issues can be difficult to interpret. According to the biologist feedbacks, we decided to set a simple user interface as default, and, on demand, to display advanced options and algorithms.
The simple interface contains the most useful algorithms from a biological point of view, i.e. mostly algorithms dedicated to biological networks. To make the interface even simpler, the parameters are automatically set to default values when applying an algorithm (these values were either set according to their biological meaning or according to empirical tests). The advanced user interface is designed for expert users and offers more functionalities than the simple one. First of all, an "Algorithms" menu, containing Tulip plug-ins installed on the computer, is added in the menu bar. These plug-ins covers a large variety of algorithms classified into "Size", "Layout", "Color" or graph "Measure". Using that advanced interface, the user can set manually the needed parameters when applying an algorithm. The left panel (see figure 4) is also enriched: a new tab to manage the views and interaction tools settings is inserted and a configuration widget is added in the "Data Sets" tab (to enable the user to modify animation parameters). Both simple and advanced user interfaces allow to edit preferences. These preferences include rendering parameters (e.g. default node and edge colors, sizes, shapes, etc), information displayed in the left panel of the tool (e.g. properties displayed when an element is selected) and database settings.
Case studies
In this section, we demonstrate some measurable benefits when using Systrip to monitor the metabolism of Trypanosoma brucei, which is the causative agent of human African trypanosomiasis [5] (sleeping sickness). These trypanosomes possess a complex life cycle that includes two replicating stages: the bloodstream form in the blood of mammals, and the insect (procyclic) form in the midgut of the vector. Like all parasites with an obligate host change, the parasitic protozoan T. brucei has to adapt its metabolism to widely varying conditions during its life cycle. By exploiting experimental data and using Systrip, we propose to further investigate three analyses of interest: (i) the metabolic impact of different carbon sources (proline and glucose), (ii) the metabolic effects of a drug (DFMO) and (iii) the distribution of metabolic fluxes in the different branches of the glucose metabolic network. These different analyses were carried out by exploiting different datasets (metabolite concentrations) coming from several metabolomic experiments that were designed to capture the metabolic concentration profile in a given environmental context and were not focused on specific biological functions. We therefore investigated these datasets by exploiting the analysis framework provided by Systrip, which enable us to visualize the experimental data through their global context given by the metabolic network. In the following user cases, we propose several analysis, that exploits three different metabolomic datasets where each sample was obtained with some variable conditions. For the two first analysis, the metabolic network was built and processed by respectively using the MetExplore Trypanocyc database and platform [14, 15] ; and for the third one, the model was based on the topology of the metabolic network given in [13] . The three metabolic models were then exported in the widely used Systems Biology Markup Language (SBML [18] ) that can be imported into Systrip.
Glucose proline dataset
The first analysis explored the global topological impacts on metabolic networks in trypanosomes associated with responses to environmental change. We focussed on the procyclic forms of the parasite with metabolomic data obtained with different carbon sources. For each monitored metabolite, a ratio is provided between its measured concentration in the proline and glucose sample experiments (close to one means no change, close to zero means an over production in the glucose experiment while higher values corresponds to an over production in the proline experiment). We mapped the differential data onto the metabolic network elements with the objective to identify a potential partition of the graph that may be related to the shift that occurred between the two environmental conditions. To do so, we used a combined visualization of the distribution of the differential concentrations and the global metabolic network (see figure 7) .
Thanks to this analysis, we were able to propose two subnetworks related to each extremity of the histogram, in other words related to the two differential conditions given by the two carbon sources. Selecting the lower values of the histogram allows the identification in the network of the metabolites which are related to the glucose experiment (see figure 8) . In order to connect these nodes and therefore to extract a relevant subnetwork, we then computed all the biological shortest paths between them by taking into account the direction and reversibility of reactions. The same operation was repeated for the proline experiment with the highest values of the histogram. At the end, the two sub- networks corresponding to the two carbone sources were analysed thanks to Systrip and we visually identified the pathways that are mainly involved in one or the other conditions. We confirmed that the compounds and reactions of the glycolysis pathway are mainly involved in the subnetwork related to the glucose condition. On the other hand, the proline degradation pathway is only present in the proline related subnetwork. Finally, our analysis allowed to identify the backbone of the metabolic network that corresponds to the unchanged metabolites and may not be involved in the glucose/proline catabolism.
DFMO dataset
Some metabolites in the network may not have been monitored during the experiment. So a first way to narrow the search space consisted in computing, based on the detected metabolites, all the metabolites that can be synthesized. This definition corresponds to a bioinformatics method called the scope [23] . It is possible to compute this scope with Systrip, we then obtained a meaningful metabolic subnetwork.Even with the selection facility, the view still contained too many nodes to be navigated. To deal with this problem, the aim was then to focus on the backbone of the network. In biology the notion of flux is central when studying the metabolism. The Strahler metric on graphs is thus particularly adapted to compute the potential flux through the reactions. By coloring the edges according to these values the user can already detect a backbone that can be extracted by applying a threshold on the edges. Since this subnetwork contained only one tenth of elements it was, as a second step, possible to apply a graph drawing algorithm dedicated to metabolic drawings [8] .
The applied filtrations guarantee that we focussed on a relevant subnetwork in terms of biological and topological meanings. In fact, this pathway contains the enzyme targeted by the drug. The question was then to understand the link between the inhibition of this enzyme and the metabolomics data. In that case, the animation provided by Systrip is particularly adapted to go through the different time points as it allowed to understand how the pathway is modified. The conclusion raised by the observation of the animation were consistent with the hypothesis of the biologists on the drug effects.
Glucose metabolomic network dataset
The third analysis was based on the procyclic form of T. brucei. That form converts glucose, the major carbon source used in rich-medium, into the excreted end products acetate and succinate. This parasite has the particularity to perform the first six glycolytic steps in the glycosomes, which are peroxisome-like organelles [13] . This unique metabolic strategy implies a tightly controlled use of metabolic cofactors (ATP and NAD + ) inside the organelle. Interestingly, the proportion of acetate and succinate excreted from glucose metabolism varies depending on the geographical context of experimental analyses, with acetate production ranging between 28% and 55% of the major excreted end products from glucose [37, 16] . This is suggestive of significant flexibility in the flux distribution among the various branches. While the metabolic network leading to the production of acetate and succinate in the procyclic trypanosomes is well known, the flux distributions of metabolites in the different branches of the network were not investigated so far. To address this question and analyze the extent of the metabolic flexibility of glucose metabolism in this parasite, we used Metaboflux 4 . This software, by running simulations based on a multiple objective optimization framework, gave as results the flux distributions (percentage of flux throw the enzymes) and metabolite ratios when constraining the system by the different constraints known from experimen- 4 Metaboflux, http://www.cbib.u-bordeaux2.fr/metaboflux/ tal data or assumed from the literature on T. brucei glycolytic metabolism. The proportion of end products and fluxes were predicted for fixed proportion of acetate excretion ranging from 1 to 99%, with a 5% increment.
We used the csv import of Systrip to visualize the flux and metabolite distribution in the metabolic network context. The aim is to identify the underlying process of this flexibility. We have computed the graph states for each constraint proportion on acetate. By coloring and adjusting the size of the edges according to flux and metabolite proportions, the animation revealed the central role of the malic enzymes in flexibility process. The animation clearly demonstrated the direct correlation between the rate of acetate production and the metabolic flux through the malic enzyme. The study presented here, is consistent with further analysis reported on malic enzymes with Metaboflux. This conclusion was not raised from our initial visual analysis of the Metaboflux data set, which only displayed a limited number of parameters. A subsequent deep analysis of the Metaboflux data set was required to observe the correlation described above.
Conclusion and future work
We presented Systrip, a visualization environment dedicated to metabolic networks. Selection and extraction of subnetworks based on the classification of the nodes in reference to metabolic pathways or to biological features such as biosynthetic capability have been facilitated. One of the main contributions of Systrip for the metabolic network visualization is the powerful interface to support contextual visualization of time-series data. The entire time series can be visualized as heatmap and curvemap glyphs while single time points can be mapped to node size and/or color. Additional ways to explore time-series data are proposed: spreadsheets, histograms, scatterplots and parallel coordinates. Each way to explore data can be used at the same time and mapped onto the metabolic network and eventually the extracted subnetworks. Selections on any of the representations are reflected in the other ones. Moreover, by combining biological and graph measures, the Systrip user can reduce the data to visualize by restricting the scope of the study. Systrip is made of elementary bricks that can be combined into sophisticated pipelines to select subnetworks that follow topological or biological criteria. At last, links to external databases enable to enrich the analysis.
Regarding the first analysis that were carried out with Systrip and thanks to their relavance in biological analysis, an interesting list of additional improvements started to come up for a further investigation of metabolism in a dynamic context for analysing the fluxes. It would be also of interest to offer the ability of loading metabolic networks directly from public databases. Moreover, an actual challenge in system biology is to integrate various sources of ∼omics data with the objective to improve the realistic significance of bioinformatics analyses. Regarding Systrip, the integration of new methods dedicated to the visualisation of specific and various omics data would be on purpose and may be carried by extending the actual well defined framework. A first stage would concern the dimensionality reduction and may lead to interesting work to define relevant analysis environments (e.g. principal component analysis or multidimensional scaling).
